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Summary.-Earlier papers have described the selective uptake of the radioactive
drug 2-methyl 6,7-ditritio-1, 4-naphthoquinol bis disodium phosphate into some
human tumour cells in tissue culture. This work examines these results in greater
detail. The kinetics of the uptake process into HEp/2 cells and its precise depen-
dence on the experimental conditions are described. It is shown that an alkaline
phosphatase (APase) is present on the surface of HEp/2 cells and that this is respon-
sible for the uptake of label. L cells do not take up the radioactive label and are
shown not to possess significant quantities of APase.
FOR a number of years Professor J. S.
Mitchell and his colleagues have been
investigating the potential clinical values
of a tritiated preparation of high specific
activity (50-100 Ci/mmol/l) of 2-Me-1, 4-
naphthoquinol bis disodium phosphate
([3H-]-MNDP) (Mitchell and Marrian,
1965; Mitchell, 1968). The scientific
rationale behind this approach is that (a)
in some cases the drug has been found to
concentrate selectively in tumour cells and
(b) by virtue of its tritium label, the drug
can deliver a strictly localized radiation
dose.
Dendy investigated the uptake of
[3H]-MNDP into some tissue culture cell
lines (Dendy, 1969, 1970). Cells in
bicarbonate buffered saline (pH 7-2) were
exposed to 1 X 10-4 mol/l [3H]-MNDP
for 10 min and then examined auto-
radiographically. Under appropriate con-
ditions, HEp/2 cells in particular were
found to be heavily labelled after this
treatment, in contrast to mouse L cells
which gave about 30 times less grains.
The object of the present work was to
study the kinetics of this process and
subsequently determine the mechanism of
uptake of MNDP into HEp/2 and L cells.
MATERIALS AND METHODS
HEp/2 cells were originally obtained from
Burrouighs Wellcome and have been main-
tained for 4 years in continuous culture in
90% Eagle's medium adjusted to pH 7-2 and
supplemented with 10% foetal calf serum.
The mouse L cells have been cultured con-
tinuously in this laboratory for over 15 years,
latterly in 90% medium 199 plus 10%/ foetal
calf serum. The cells are maintained as
monolayers on a glass surface, and for these
experiments the monolayers were tryp-
sinized (0-15%) at pH 7-2 and then the cells
in suspension were centrifuged, washed in
feeding medium to stop the action of the
trypsin, and stored in 0-14 mol/l NaCl + 0-01
mol/l hepes buffer (pH 7-3) at 0°C until
required. Tritiated MNDP was obtained
from the Radiochemical Centre, Amersham.
The specific activity ofthe early preparations
used for this work (TRK 219) was , 50 Ci/
mmol/l, but more recently it has been raised
to , 100 Ci/mmol/l (preparation TRK 379).
[3H]-MNDP was diluted to a specific activity
of - 1 Ci/nmmol/l for experimental use.T. G. MORLEY AND P. P. DENDY
6-
40
0'
0
-Ji
5-
47
4 X 10.5
2 xIO'
'/ 0
I 0 0
vI I- I0 10
Time (mins)
Fio'(. 1. Uptake of [3]H]-AINDP' as a funietion of time of incubation at 106 cells/ml into HEp/2 cells
(0) and L cells (0). Rate of uptake into HEp/2 cells ( ).
(i) Ini,cubationi. In the basic experimental
procedure 2 ml of a cell suspension at 106
cells/ml wA-as prepared in 0414 mol/l NaCl +
0-01 inol/l hepes buffer at pH 7f3. 3HI-
MNDP was added to a final concentration of
10-4 mol/l, the preparation was agitated
continuLously at 37°C and at various time
intervals after the start of the incubation
0P1 ml aliquots were ithdrawAn. In the
experiments w%Nhich follow, parameters not
specifically mentioned were kept constant in
accordance with this basic procedure.
(ii) Membrane filtration.-The 041 ml ali-
quots wxvithdrawn from the incubation mixture
were pipetted on to ' Oxoid" membrane
filters. The filters, were washed twice ith
warm (, 30°C) Dulbecco medium and air
dried by suction.
(iii) Scintillation couanting. Membrane fil-
ters were treated with 1 nml Soluene for 15
min at 40°C. To this mixture 14 ml of
toluene PPO/POPOP scintillator wNas added
(not more than 2 weeks old). The Soluene
reduced the counting efficiency of this
scintillator by one third. Aqueous sanmples
w%Nere counted in a tolueneitriton x 100 (6 : 1)
based scintillator. All couInts have been
normalized to refer to a sample of 105 cells.
(iv) Cytochemical staining. Cells were
stained for alkaline phosphatase (Al'ase)
using a modified azo-dye technique as
described by Hayhoe and Quagliano (1958).
RESULTS
1. Kinetics of uptake of MiJNI)P derived
label into HEp/2 and L cells
The results of the basic experiment are
shown for both HEp/2 and L cells in Fig.
1. HEp/2 cells readily take up label and
by 20 min have incorporated 45-60O%
of the total label available. After this
time an equilibrium seems to be estab-
lished and very little further nett uptake
occurs.
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FIG. 2. The effect of changing the cell concentration on uptake of [3H]-MNDP into HEp/2 cells: 108
cells/ml (0); 105 cells/ml (0); 104 cells/ml (A).
The curve for L cells shows a sharp
intake of label during the first minute,
followed by a much lower rate of incor-
poration. By 20 min the uptake into
L cells is some 2 orders of magnitude less
than that into HEp/2 cells.
Incorporation into HEp/2 cells was
analysed further by plotting the rate of
uptake of [3H]-MNDP against time and
this is also shown in Fig. 1. The rate of
uptake into cells clearly reaches a maxi-
mum some time after t - 0 and this
observation is fundamental to the inter-
pretation of the results presented in the
discussion.
The age of the HEp/2 cells and
consequent percentage viability had no
apparent effect on uptake. Thus, cells
which had been stored for 8 days at 0°C
took up label as well as 1-day old cells
even though 350% of them gave a positive
stain with trypan blue and were pre-
sumably dead.
2. Effect of incubation conditions on 4?itake
into HEp/2 cells
(i) Cell concentration.-The basic ex-
periment was repeated using HEp/2 cell
concentrations which varied from 104/ml
to 106/ml and the results are shown in
Fig. 2. It can be seen that lowering the
cell concentration also lowers uptake of
label per cell.
(ii) Effect of pH.-The earlier work of
Dendy suggested that uptake of [3H]-
MNDP is a pH dependent process. The
basic experiment was therefore repeated,
replacing the hepes buffer with a range of
glycine/NaOH buffers and measuring up-
take into HEp/2 cells at a concentration
of 3 x 105 cells/ml. It can be seen from
Fig. 3 that up to pH 9-3 increasing the
pH increases [3H]-MNDP uptake. How-
ever, at the highest pH (11.4) uptake is
drastically reduced. At this pH cells were
found to be lysing at the end of the
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FIe.. 3.-The effect of pH on uptake of [3H]-MNDP into HEp/2 cells. (3 x 1051 cells,/ml.) A& pH 11-4;
* pH 9-3; * pH 8-3; * pH 7-3; O Hepes buffer at pH 7-3.
experiment and undoubtedly lysis could
cause some ofthe label to spill out into the
medium. However, only about 50% of
the cells lysed, and this was not sufficient
to account for the reduction in label.
Moreover, uptake was not affected in
those experiments which examined incor-
poration at pH 7-3 into cells stored at 00C
for about 8 days. Since 35% of the cells
stain with trypan blue after storage for 8
days, it is probable that many of these
cells had also lysed, so it is unlikely that
lysis alone is responsible for the dramatic
reduction in uptake at pH 11-4. On the
other hand, the result is consistent with
an enzyme action in which the optimum
pH for enzyme activity has been exceeded.
One experiment was carried out in
hepes medium to observe the intrinsic
effect of glycine on the uptake process.
Reference to the two curves at pH 7-3 in
Fig. 3 indicates that glycine itselfprobably
does have a small inhibitory effect.
(iii) [3H]-MNDP concentration.-In the
next set of experiments the [3H]-MNDP
concentration was varied and the results
presented inFig. 4 show thatbydecreasing
the [3H]-MNDP concentration, the initial
rate of uptake is increased. Conversely,
increasing the [3H]-MNDP concentration
reduced the initial rate of uptake.
(iv) Effect ofphosphate ions.-The basic
experiment was repeated in the presence
of various concentrations of free inorganic
phosphate. The results shown in Fig. 5
indicate that the presence of P4-
greatly reduces uptake of [3H]-MNDP.
3. Mechanism of uptake of MNDP into
HEp/2 cells
For reasons which will be considered
more fully in the discussion, the foregoing
experiments suggested that HEp/2 cells,
unlike L cells, possess an enzyme which
promotes the uptake of MNDP. Further
experiments were therefore carried out to
examine the mechanism of uptake.
(1) Effect of heat.-When the incuba-
tion temperature in the basic experiment
was reduced from 370C to 100C, there was
a dramatic reduction in uptake into
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FIG. 4.-The effect of varying the molarity of [3H]-MNDP on its incorporation into Hep/2 cells
(106 cells/ml): 1-6 x 10-5 mol/l MNDP (A); 10-4 mol/l MNDP (0); 6 x 10-4 mol/l
MNDP (0).
=
An
0 c
44
c
ax :
-. o
cL
a) -4-
2 x I060
6-
0 -
~ ~
0
I
10
Time (mins)
20
FIG. 5.-The effects of various concentrations of (PO4) a On [3H]-MNDP incorporation into HEp/2
cells (106 cells/ml): phosphate free medium (0); 0-012 mol/l (PO4) a (0); 0 025 mol/l (PO4) a
(El); 0-05 mol/l (PO4) a (A).
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TABLE I.-The Effect of Incubation Tem-
perature on Incorporation of [3H]-MNDP
into HFp/2 Cells
Uptake of [3H]-INDP into
HElp/2 cells ( x 103 c/min)
Time
min. I WC 37 'C
2
8
20
(ii
9
29
13(0
18X)
380
1250
1724)
HEp/2 cells. It can be seen from Table
I that uptake was 40-50 times less after
8 min incubation at the lower tem-
perature.
(ii) Effect ofinhibitors acting atpH 7 3.-
Zinc ions, cysteine and EDTA are known
to inhibit APase. On the other hand,
p-chloromercuribenzoic acid (pCMB), a
thiol reagent which inhibits many enzymes
does not inhibit APase (Fernley, 1971).
The effect of these agents at 5 x 10-4
mol/l on uptake into HEp/2 cells at a
concentration of 2 x 105 cells/ml was
examined and the results are shown in
Fig. 6. This suggests that the rate of
uptake into HEp/2 cells is governed by the
activity of its APase.
Fig. 7 compares the inhibitory actions
of 0 05 mol/l L- and D-phenylalanine on
[3H]-MNDP uptake into HEp/2 cells. L-
phenylalanine, which is regarded as a
specific inhibitor of several isozymes of
APase (Fishman, 1969), is seen to have a
marked effect, but uptake is unaltered] by
the presence of D-phenylalanine.
4. Mechanism of uptake into L cells
WAhen [31H]-MNDP was incubated
under aerobic conditions at 37°C for 30
FIG. (1.-The effects of some enzyme inhibit at .t' x 10 mol/l on the incorporation of [3H]-MNDP into HEp/2 cells ('2 x 105 cells/ml) contiols (* an(1 ); ZnSO4 (r>); p-chloromercuribenzoic
acid ( x); EDTA (z\) L-ey\steine
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F(.. 7.-The effect of 0-05 mol/l D- and L-phenylalanine on the incorporation of [3H]-MANDP into
HEp/2 cells (106 cells/ml): control (A/); D-phenylalanine (0); L-phenylalanine (-).
minutes a process which leads to some
air oxidation of the diphosphate before
addition to cells in an otherwise basic
experiment, it was found that the uptake
during the first minute, and consequently
total uptake, was increased (Fig. 8).
However, the subsequent slope of the
uptake curve was unaltered.
Table II shows the uptake into L cells
from another 3 batches of [3H]-MNDP
during basic experiments. Batch "A"
was a 6-month old sample which had been
TABLE II. The Relationship between Age
and Purity of [3H]-MNDP and its
Uptake into L Cells. Sample A was 6
Months Old. B was 1 Month Old and C
was the same as B after Extraction with
Benzene. The Figures in Brackets show
the Percentage ofBenzene Soluble Material
in the Medium at that Time
Time
min.
2
10
Uptake of [3H]-MNDP into L cells
expressed as a percentage of the total
activity in the medium
A B C
(1 22) - (0.50)) - (0.23)
1- 23 (0 21) 0-44 (0 29) 0-21 (020)
1 38 (0 27) 0 .55 (0 24) 0 *32 (0.12)
degraded a little by the air, " B " was a
newer sample and " C " was from the
same material as " B " after it had been
extracted with benzene. It can be seen
that most of the benzene soluble material
initially present in the medium (figures in
brackets) was rapidly incorporated and
for sample "A ", where the content of
benzene soluble material was initially
high, there was high incorporation. Com-
paring the results for samples " B " and
"C" it can be seen that when MNDP is
cleaned by benzene extraction, the cell
label incorporated into L cells is consider-
ably reduced.
5. Cytochemistry
The above results suggest that HEp/2
cells contain APase whereas L cells do not.
Cells were examined using a modified
Gomori technique (Hayhoe and Quagliano,
1958), and as expected, HEp/2 cells gave
a positive brown stain whereas L cells
were negative (Fig. 9). The brown
colour was present certainly on the
membrane, probably in the cytoplasm,
but not at all in the nucleus.62
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FIG. 8.-The effect ofpartialdegradation of[3H)-MNDP on itsincoporation into L cells (106 cells/ml):
normal incorporation (0); incorporation after incubating [3H]-MNDP under aerobic conditions
for 30 min at 37°C (0).
DISCUSSION
MNDP is an ionized compound and
therefore one would not expect cells to
absorb it rapidly in the way which gave
rise to rapid labelling of HEp/2 cells.
Dendy (1970) has suggested that when
rapid labelling occurs MNDP is in some
way " primed " to form a species which
can be taken up into cells. This suggestion
is substantiated by deductions which can
be made from the results shown in Fig. 1.
At t 0 the rate of uptake into HEp/2
cells is very low since little ofthe diffusable
species has been synthesized. However,
with increasing time this species becomes
more available and there is a steady
increase in rate of uptake. Finally, as
MNDP is totally converted to a diffusable
species and this in turn is taken up, thus
depleting the medium, uptake is again
reduced. The results in Fig. 2 can be
explained in the same way. At a low cell
concentration less degradation of MNDP
can occur, so there is less concomitant
uptake per cell. Also the rate of uptake
only increases noticeably during the first
10 min at 106 cell/ml because at lower
cell concentrations the rate ofdegradation
is presumably limiting uptake.
Earlier studies by Mrs Valerie Fisher
on the dephosphorylation of Synkavit by
Ehrlich ascites tumour cells suggested
that both an acid phosphatase and an
alkaline phosphatase were involved (see
Mitchell, 1971, page 46). In this paper
there are a number of pointers which
confirm enzyme involvement and suggest
that alkaline phosphatase (APase) is the
enzyme responsible for the observed
effects. (a) Uptake of MNDP into HEp/2
cells is severely inhibited by a reduction
in temperature, whereas the uptake of
materials which diffuse passively into cells,
e.g. chlorambucil (Hill, 1972) is tempera-
ture independent. (b) Uptake is very
dependent on pH, with a maximum in the
region of 9-3. APase has a maximum in
the pH region 9-10 depending on sub-
strate concentration (Fernley, 1971). (c)
The effect of buffering media on uptake
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otomicrographs showing on the left positive staining ofHEp/2 cells by a modified azo-dye
technique but no stain over the L cells shown on the right.
parallels their effect of APase. Thus
glycine isknown to have a slight inhibitory
effect on APase (Herz andNitowsky, 1962)
whereas phosphate is known to be a
potent inhibitor (Fernley, 1971). (d)
The result shown in Fig. 4, where increas-
ing concentrations of MNDP reduced the
initial rate of uptake into cells, can also
be explained by the presence of APase,
since this enzyme is known to be inhibited
by its own substrate (Fernley, 1971). (e)
Other workers have found that a strain of
HEp/2 cells grown in their laboratory is
particularly rich in APase (Herz and
Sevdalian, 1971).
Other experiments showed that in-
hibitors which are known to inhibit
APase activity reduced uptake (Fig. 6)
and the comparative behaviour ofthe two
isomers ofphenylalanine (Fig. 7) confirms
5
that APase is critically involved in this
process. Furthermore, since in work on
human tissues, L-phenylalanine has in-
hibited only the intestinal, placental and
Regan isozymes of APase, it is probable
that the HEp/2 cell isozyme is, or is
closely related to, one of these three.
The action of APase on MNDP would
lead to the formation of dephosphory-
lated products, the exact nature of which
will be discussed elsewhere. Complete
dephosphorylation would give small non-
polar molecules which could readily be
absorbed into the cell.
If L cells contained little or no APase,
uptake of [3H]-MNDP would be low and
anight come from impurities. The fate of
these impurities must be considered if
clinical use of [3H]-MNDP on a routine
basis is intended.
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A number of independent experiments
have suggested that cells which are APase
negative can incorporate impurities and
breakdown products. For example when
[3H]-MNDP was incubated with a mono-
layer of HEp/2 cells for 10 min and
the supernatant was offerkd to monkey
kidney cells (which behave like L cells)
they were heavily labelled (Dendy, 1970).
The same effect can also be produced by
incubating [3H]-MNDP with alkaline
phosphatase instead of HEp/2 cells (un-
published experiment). In other unpub-
lished autoradiographic experiments an
increase in uptake into L cells from 10
grains/nucleus/hour exposure to 20 grains/
nucleus/hour exposure was observed for 4
different batches of [3H]-MNDP after
storage in liquid nitrogen for times which
ranged from 15 to 30 days. Finally, the
uptake per cell was higher (50 grains/
nucleus/hour) at 105 L cells/ml than at 106
L cells/ml (20 grains/nucleus/hour). All
this evidence supports the view that the L
cell uptake curve (Fig. 1) could result from
arapidincorporation ofimpurities initially
present and a further slight degradation of
MNDP due to aerobic conditions obtaining
during the 20 min incubation period.
When [3H]-MNDP was exposed to air for
30 min before incubation with L cells,
the uptake during the first minute in-
creased butthe subsequent rate ofincrease
in labelling was no different from that
when [3H]-MNDP had not previously been
exposed to the air (Fig. 8). This suggests
that air Oxidizes MNDP to a species which
is rapidly absorbed into L cells, and that
the low' but measurable rate of uptake
after the first minute ofincubation reflects
this rate ofoxidation. Table II shows that
older MNDP, which had been degraded by
auto-radiolysis, was more readily ab-
sorbed by L cells. However, when it was
cleaned by extraction with benzene,
uptake was reduced.
For the HEp/2 cells there is evidence
to suggest that APase is present on the
cell membrane. First, the cytochemical
experiments support this idea. Secondly,
L cells are impermeable to MNDP and it
seems reasonable to suppose that HEp/2
cells are as well. Hence MNDP derived
label can only be absorbed if MNDP is
converted to a diffusable species at the cell
surface. Finally Herz and Sevdalian
(1971), who have also found APase in
HEp/2 cells, observed that the activity
was located chiefly in the microsomal
fraction.
Hence, in conclusion, it seems that
HEp/2 cells are rich in APase on the cell
membrane and that this enzyme dephos-
phorylates MNDP to a species which is
readily taken up. L cells do not contain
APase and cannot modify MNDP, so
there is no uptake of label by this
mechanism. A little uptake into L cells
does occur, however, due to the presence
of small quantities of impurities.
These results may well be relevant to
the use of [3H]-MNDP in clinical medicine
(Mitchell, 1971). Chipperfield (1967) found
that the tumours in man which most
readily take up MNDP are those associ-
ated with the intestine, a region rich in
APase. Schwartz, Fleisher and Bodonsky
(1969) have shown that some tumours are
rich in APase, for example, those which
produce the Regan isozyme (Fishman,
1969) and these may be susceptible to
treatment with [3H]-MNDP. A search is
now being undertaken to find APase
positive human tumours.
The authors wish to thank the Head of
the Department, Professor J. S. Mitchell
for his advice. The technical assistance of
Miss D. A. Warner is gratefully acknow-
ledged.
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